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Péter Engelmann

engelmann.peter@pte.hu

Specialty section:
This article was submitted to

Comparative Immunology,
a section of the journal

Frontiers in Immunology

Received: 30 June 2021
Accepted: 12 August 2021

Published: 01 September 2021

Citation:
Kokhanyuk B, Bodó K,
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2 Department of Medical Biology and Central Electron Microscope Laboratory, Medical School, University of Pécs, Pécs, Hungary,
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Invertebrates, including earthworms, are applied to study the evolutionarily conserved
cellular immune processes. Earthworm immunocytes (so-called coelomocytes) are
functionally similar to vertebrate myeloid cells and form the first line of defense against
invading pathogens. Hereby, we compared the engulfment mechanisms of THP-1 human
monocytic cells, differentiated THP-1 (macrophage-like) cells, and Eisenia andrei
coelomocytes towards Escherichia coli and Staphylococcus aureus bacteria applying
various endocytosis inhibitors [amantadine, 5-(N-ethyl-N-isopropyl) amiloride, colchicine,
cytochalasin B, cytochalasin D, methyl-ß-cyclodextrin, and nystatin]. Subsequently, we
investigated the messenger RNA (mRNA) expressions of immune receptor-related
molecules (TLR, MyD88, BPI) and the colocalization of lysosomes with engulfed
bacteria following uptake inhibition in every cell type. Actin depolymerization by
cytochalasin B and D has strongly inhibited the endocytosis of both bacterial strains in
the studied cell types, suggesting the conserved role of actin-dependent phagocytosis.
Decreased numbers of colocalized lysosomes/bacteria supported these findings. In
THP-1 cells TLR expression was increased upon cytochalasin D pretreatment, while this
inhibitor caused a dropped LBP/BPI expression in differentiated THP-1 cells and
coelomocytes. The obtained data reveal further insights into the evolution of
phagocytes in eukaryotes. Earthworm and human phagocytes possess analogous
mechanisms for bacterial internalization.

Keywords: macrophages, coelomocytes, evolution, endocytosis, phagocytosis, inhibitors
1 INTRODUCTION

The cellular uptake mechanism of macromolecules, nutrients, and various particles is generally
considered as endocytosis. Its action is strongly related to the plasma membrane, which, by
invaginating, forms vesicles containing transported molecules. Endocytic pathways govern essential
functions such as cell–cell communication, signal transduction, immune response, and cellular
org September 2021 | Volume 12 | Article 7335411
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homeostasis. Generally, two major types of endocytosis can be
distinguished in the cells: phagocytosis and pinocytosis (1).
Phagocytosis is carried out against particles larger than >0.5
mm by specialized cells to protect the organism from microbes
and eliminate damaged cells (2).

At least four types of pinocytosis mechanisms exist in the
cells, among which are macropinocytosis, clathrin-mediated
endocytosis (CME), caveolae-mediated endocytosis (CvME),
and clathrin/caveolin-independent endocytosis. All these
pathways differ from the point of the origin of the particle
engulfed, size, and mechanism of endocytic vesicle formation (1).

Due to its importance in cellular homeostasis, endocytosis
(phagocytosis and pinocytosis) is a phylogenetically conserved
trafficking process that evolved from amoeba to human cells (3).
It seems that phagocytosis is lost from fungi and plants.
Interestingly, it is suggested that the primary forms of uptake
mechanisms coevolved with nutrition intake and only later opted
as immune/defense mechanism during metazoan phylogenesis
(4). To eliminate pathogen structures, distinct macrophage types
(e.g., archeocytes, hemocytes, coelomocytes, microglia, Kupffer
cells) have been developed in the diverse animal groups (5).

In this regard, well-conserved cellular and humoral innate
immune components have emerged in invertebrates to keep their
self-integrity similarly to those in vertebrates. For instance,
segmented worms (earthworms) are “up and coming” research
animal models to study the phylogenesis of immunity (6, 7).
Earthworms lack adaptive immunity that allows to solely study
the mechanisms of innate immunity. Earthworm’s body cavity
(coelomic cavity) is an immunologically competent compartment
containing motile immune cells (so-called coelomocytes) and a
fluid abundant in multifunctional proteins (coelomic fluid) (7).
Coelomocytes can be subdivided into two major subpopulations
(amoebocytes and eleocytes). These cells possess a variety of
immune functions that resembles vertebrate leukocytes. In
particular, amoebocytes are capable of phagocytosis and
encapsulation, while eleocytes produce antimicrobial factors and
maintain homeostasis (8).

To this end, we hypothesized that earthworm amoebocytes
resemble vertebrate myeloid lineage, not only on functional but
also molecular levels. To test this theory, applying various
endocytosis inhibitors, we compared the bacterial uptake
mechanisms, intracellular localization of engulfed bacteria, and
mRNAexpression of pattern recognition receptors (PRRs) between
earthworm coelomocytes and the vertebrate counterpart (THP-1
human monocytic cell line).
Frontiers in Immunology | www.frontiersin.org 2
2 MATERIALS AND METHODS

2.1 Cell Culture Conditions
Human monocytic leukemia cell line THP-1 (ATCC® TIB-
202™) was cultured in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Euroclone, Milan, Italy) and 1% penicillin/
streptomycin (100 U/ml penicillin and 100 µg/ml streptomycin,
Lonza, Basel, Switzerland) at 37°C in a humidified 5% CO2

atmosphere. THP-1 cells were differentiated (diff. THP-1 cells)
using 5 ng/ml phorbol 12-myristate-13-acetate (PMA) for 48 h
applying the aforementioned culture conditions to obtain
macrophage-like cells (9). Differentiation of monocytes was
verified with light microscopy.

2.2 Earthworm Husbandry and
Coelomocyte Isolation
Adult Eisenia andrei (Oligochaeta, Lumbricidae) were maintained
at standard laboratory conditions at room temperature (21°C) and
fed with manure soil (10). Before coelomocyte isolation,
earthworms were placed overnight onto moist paper towel to
empty their digestive tract. Coelomocytes were collected by
applying an extrusion buffer and washed in Lumbricus balanced
salt solution (LBSS) as described earlier (10). Density of
coelomocytes was enumerated (1 × 106 cells/ml in each assay)
by a dead-cell exclusion method applying trypan blue dye.

2.3 Endocytosis Inhibitor Treatments
THP-1 cells, diff. THP-1 cells, and coelomocytes were placed onto
24-well plates and pretreated with different pharmacological
pathway inhibitors: cytochalasin D, cytochalasin B, colchicine, 5-
(N-ethyl-N-isopropyl) amiloride (EIPA), amantadine, methyl-ß-
cyclodextrin, and nystatin. All inhibitors were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Applied inhibitor
concentrations and incubation time were selected based on the
previous literature [(11–17), please see Table 1]. For energy-
dependent uptake inhibition, the target cells were preincubated at
4°C for 30min to block any active uptakemechanism (18). Prior to
flow cytometry measurements, samples were stained with 7-
aminoactinomycin D (7-AAD, 1 µg/ml, Biotium, Fremont, CA,
USA) for the detection of cell viability.

2.4 In Vitro Bacterial Challenge
Initially, THP-1 cells, diff. THP-1 cells, and coelomocytes were
incubated with fluorescein isothiocyanate (FITC)-coupled,
TABLE 1 | List of the pharmacological inhibitors and their applied conditions in the endocytosis experiments.

Inhibitor Target pathway Mode of action Applied conditions References

Cytochalasin B Phagocytosis F-actin depolymerization 5 µM, 1 h (11)
Cytochalasin D 5 µM, 1 h (12)
Colchicine Pinocytosis Inhibits microtubule polymerization 100 µM, 2 h (13)
5-(N-ethyl-N-isopropyl) amiloride (EIPA) Macropinocytosis Blocking the Na+/H+ exchanger 5 µM, 30 min (14)
Amantadine CME Blocking the budding of clathrin-coated pits 500 µM, 30 min (15)
Methyl-ß-cyclodextrin (MßCD) CvME Removing cholesterol out of the plasma membrane 1 mM, 30 min (16)
Nystatin CvME Cholesterol sequestration 54 µM, 30 min (17)
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heat-inactivated Escherichia coli (ATCC 25922) and Staphylococcus
aureus (OKI 112001) for 1, 2, 4, 16, and 24 h (THP-1 and diff.
THP-1 at 37°C) or 1, 2, 4, 16, 24, and 48 h (coelomocytes at room
temperature) to assess bacterial uptake kinetics. Immune cells
(106) and bacteria cells (107) were incubated together in 1 ml of
cell culture media (8). Prior to flow cytometry, trypan blue was
added to differentiate bound/ingested bacteria by quenching. For
uptake inhibition analysis, inhibitor-treated target cells were
incubated with bacterial strains at appropriate temperatures
(except during energy-dependent uptake inhibition target cells
were kept at 4°C) for 24 h. Besides, vehicle controls were
also applied. Samples have been washed and resuspended in
phosphate-buffered saline (PBS) (THP-1 cells and diff. THP-1
cells) or LBSS (coelomocytes). Fluorescence signals were
measured in FL1 (530/30 filter) gated on living cells, as
detected by 7-AAD in FL3 (670 LP filter).

2.5 Flow Cytometry
Flow cytometry analysis was carried out with a FACSCalibur
flow cytometer (Beckton Dickinson, Franklin Lakes, NJ, USA).
During experiments, 30,000 events per sample were measured
based on their forward scatter (FSC) and sideward scatter (SSC)
characteristics. Results were analyzed with FCS Express software
(De Novo Software, Glendale, CA, USA).

2.6 Labeling F-Actin With Phalloidin and
Lysosome Staining
After inhibitor treatment and incubation with FITC-coupled
bacterial strains, cells (80 µl of 1 × 105/ml) were spread onto
slides applying Cytospin 3 (SHANDON, Thermo Scientific,
Waltham, MA, USA). Cells were fixed in 4% paraformaldehyde,
washed, and permeabilized with PBS/0.1% Triton X-100 with 5%
bovine serum albumin (BSA) for 20 min. F-Actin was stained with
CF568 Phalloidin (Biotium, Fremont, CA, USA) or Alexa Fluor
488 Phalloidin (Invitrogen Molecular Probes, Eugene, OR, USA)
for 45 min. For lysosome staining, samples were incubated with
LysoTracker® Red DND-99 (Molecular Probes, Eugene, OR,
USA) at a final concentration of 100 nM for 30 min, room
temperature, in the dark followed by nuclear counterstaining
with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich).

2.7 Confocal Laser Scanning Microscopy
and Quantitative Colocalization Analysis
Confocal laser scanning microscopy (CLSM) images were generated
using an Olympus FV-1000 laser scanning system. Single optical
sectionswere takenwith a 40×, longworkingdistance phase objective
at zoom settings 3, 4, 5, or 6 for fluorescent captures. For immersion
images, the magnification was 60×. Images were then processed and
merged with ImageJ1.x software.

CLSM images were used to quantify the colocalization of
FITC-conjugated E. coli and S. aureus with LysoTracker labeled
lysosomes. At least 14 lysosomes were evaluated from each
condition. The Coloc2 plug-in for Fiji was used to determine
the Manders’ coefficient after applying region of interest (ROI)
for each microscopic picture (19, 20). Manders’ coefficient
measures the fraction of one dye (green) that colocalizes with a
Frontiers in Immunology | www.frontiersin.org 3
second dye (red); M1 measures the fraction of bacteria
colocalizing with lysosomes.

2.8 Statistical Analysis
All the experiments were performed at least three independent
times. Results were analyzed with GraphPad Prism 8.0 software
(La Jolla, CA, USA). Data were expressed as mean ± SD of the
values received in independent experiments. One-way ANOVA
or two-way ANOVA with multiple comparison post-hoc test was
carried, out and the significance of data was evaluated.
Differences were considered significant if p < 0.05.
3 RESULTS

3.1 Actin Polymerization Inhibitors
Attenuate the Bacterial Engulfment by
THP-1 Cells
First, THP-1 cells were exposed to FITC-coupled heat-inactivated
E. coli and S. aureus at different time points to estimate their uptake
capacity. Kinetic analysis revealed the prompt bacteria engulfment
starting fromthefirst hourof incubation and reaching approximately
90%of cellular uptake at 24 h inTHP-1 cells (Figure 1A). Next, prior
to adding bacteria, we pretreated THP-1 cells with different
endocytosis pathway inhibitors (Table 1) to obtain information
about the uptake mechanisms. Cytochalasin D and B were applied
to inhibit phagocytosis, colchicine for pinocytosis blocking, EIPA to
disrupt macropinocytosis, amantadine to inhibit CME and MßCD,
and nystatin to block CvME.

Among all applied inhibitors, cytochalasin B significantly
inhibited only the engulfment of S. aureus (Figures 1B, C),
regardless of its weak toxicity against THP-1 cells (Supplementary
Figure 1A). In contrast, cytochalasin D significantly blocked the
uptake of both bacterial strains (Figures 1B, C) compared to Ø
inhibitor controls (Figures 1B, C). There is also a slight inhibitory
effect of amantadine for S. aureus engulfment (Figure 1C), while
other tested inhibitors did not reduce significantly the bacterial
uptake in THP-1 cells (Figure 1C). The highest inhibition rate in
bacterial engulfment was detected when THP-1 cells were incubated
with bacteria at 4°C to assess the energy dependence of
endocytosis (Figure 1C).

CLSM studies using phalloidin showed colocalization of
engulfed FITC-coupled bacteria and labeled actin, which supports
the involvement of actin-dependent endocytosis in the bacterial
uptake (Figure 1D). The preincubation of cells with cytochalasinD
resulted in disruption of actin polymerization and visible change of
its structure (Supplementary Figure 2) that subsequently leads to a
biased internalization of bacteria (Figure 1E).

3.2 Differentiated THP-1 Cells Resemble
Normal THP-1 Monocytes During the
Bacterial Engulfment
The macrophage-like phenotype of THP-1 cells (diff. THP-1)
was achieved by applying a PMA stimulation for 48 h. Kinetic
analysis of bacterial engulfment by diff. THP-1 cells (Figure 2A)
revealed similar trends to those of normal THP-1 cells (Figure 1A).
September 2021 | Volume 12 | Article 733541
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Until 24 h of incubation, E. coli internalization reached
approximately 90% and somewhat less for S. aureus (Figure 2A).
Subsequently, we analyzed the effects of various inhibitors on the
bacterial uptake by diff. THP-1 cells (survival rate of diff. THP-1
cells was only affected by colchicine, Supplementary Figure 1B).
While cytochalasin B only decreased the S. aureus engulfment rate,
the strongest inhibitionwas evokedbycytochalasinD indiff.THP-1
cells (Figures 2B, C) and innormal THP-1.Wedid not observe any
effects in the case of other inhibitors (Figure 2C). The energy
dependenceofbacterial uptakewasmonitoredat 4°Candevidenced
strong inhibition similarly to normal THP-1 cells (Figure 2C).

By means of CLSM, an extensive bacterial uptake in untreated
diff. THP-1 cells was observed (Figure 2D). Imaging of the diff.
THP-1 immunocytes exposed to cytochalasin D (Figure 2E,
Supplementary Figure 2) has supported the previous results of
bacterial uptake inhibition obtained by flow cytometry.

3.3 Coelomocyte-Mediated Bacterial
Engulfment Is Blocked by Actin
Depolymerization
According to physical parameters such as size and granularity,
the two major coelomocyte subpopulations (e.g., amoebocytes,
and eleocytes) can be distinguished by flow cytometry (8). In our
uptake experiments, we have focused on amoebocytes, since this
Frontiers in Immunology | www.frontiersin.org 4
population is involved in the cellular antibacterial defense among
coelomocyte subtypes (8). In addition, eleocytes possess a strong
autofluorescence (derived from riboflavin) that hampers their
fluorescence dye-based analysis (21).

In the case of coelomocytes (amoebocytes), the bacterial uptake
starts togradually increaseat4handreachesabout 70%at the endof
the observation period (48 h) (Figure 3A). Cytochalasin D showed
slight cytotoxicity for earthworm coelomocytes (Supplementary
Figure 1C); nevertheless, it has efficiently blocked their endocytic
activity similarly to human immunocytes (Figures 3B, C).
Interestingly, Gram-negative bacterial uptake was also blocked by
cytochalasin B (Figures 3B, C) on the contrary to normal and diff.
THP-1 cells (Figures 1C, 2C). Similarly, to the human cells, other
endocytosis inhibitors did not cause any noticeable blocking effects
in coelomocytes; however, in the case of nystatin, we observed a
non-significant trend of decreased engulfment rate (Figure 3C).

Inhibition of energy-dependent endocytosis (coelomocytes at
4°C) did not rescue S. aureus bacteria from engulfment. Even the
blockade of E. coli internalization was less extended compared to
the human counterparts (Figure 3C). CLSM analysis of phalloidin
costained coelomocytes (Ø inhibitor control, Figure 3D) has
revealed the immense uptake of target bacteria, especially in the
case of S. aureus. In line with flow cytometry measurements,
CLSM analysis has supported that cytochalasin D pretreatment
A B

D E

C

FIGURE 1 | The upshots of endocytosis inhibition on the bacterial uptake in THP-1 cells. (A) Kinetics of FITC-E. coli and FITC-S. aureus bacteria uptake by THP-1
cells after 1, 2, 4, 16, and 24 h of incubation. (B) Representative flow cytometry histograms of THP-1 cells after 24 h of bacteria engulfment without or with inhibitors
(5 µM cytochalasin B/cytochalasin D). (C) Efficiency of different endocytosis inhibitors on the bacterial uptake of THP-1 cells. The results are presented as mean ± SD
of four replicates. Asterisks denote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) between the Ø inhibitor control and different treatments. (D) Merged
CLSM images of THP-1 cells incubated in the absence of inhibitors and (E) in the presence of 5 µM cytochalasin D that demonstrate the changes in the actin
cytoskeleton (red, CF568 Phalloidin) and inhibition of bacterial (green, FITC-E. coli and FITC-S. aureus) uptake. Nuclear counterstaining was performed with DAPI (blue).
Note the overlapping signal between engulfed bacteria and actin filaments (arrows, D). Scale bars: 50 µm.
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efficiently impairs actin polymerization (Supplementary
Figure 2) and bacterial uptake by coelomocytes (Figure 3E).
3.4 Decreased Colocalization of
Lysosomes and Engulfed Bacteria by Actin
Polymerization Blockers
To track the intracellular fate of fluorescent bacterial particles,
earthworm and human immune cells were stained with
LysoTracker Red (Figure 4 and Supplementary Figures 3–5). In
the courseofCLSManalysis,weobserved strongerfluorescent signals
from lysosomes in bacteria-treated cells compared to the unexposed,
control THP-1 cells (Supplementary Figure 3A). Application of
cytochalasin D has lowered the bacterial uptake by THP-1 cells;
hence, it significantly decreased the amount of colocalized signal
(Supplementary Figure 3B), which was statistically confirmed by
Manders’ colocalization coefficient value analysis (Figure 4A). The
fraction of colocalized E. coli/lysosomes and S. aureus/lysosomes
upon the cytochalasin D treatment was nearly two times lower
compared to the Ø inhibitor control values (Figure 4A).

Similarly, to normal THP-1 cells, in diff. THP-1 cells, the
Manders’ coefficient analysis revealed that the fluorescent signals
from colocalized bacteria and lysosomes significantly decreased
upon cytochalasin D treatment (Figure 4B and Supplementary
Figures 4A, B).
Frontiers in Immunology | www.frontiersin.org 5
Regarding the role of lysosomes in the elimination of ingested
bacteria, the uptake inhibition by cytochalasinDwas demonstrated
byCLSM in coelomocytes (Figure 4C, SupplementaryFigures 5A,
B). We observed more than 10-fold decrease in colocalized E. coli/
lysosomes and more than 3-fold decrease in colocalized S. aureus/
lysosomes (Figure 4C) in the case of coelomocytes.
3.5 Pattern Recognition Receptor mRNA
Levels Vary Upon Cytochalasins Exposure
Elimination of microbial pathogens is facilitated by evolutionarily
conserved pattern recognition receptors (PRRs). Certain
homologs of PRRs have been described from earthworms (22).
To assess their possible involvement during the endocytosis in
earthworm and human cells, we tested the mRNA expression levels
of toll-like receptor (TLR),myeloid differentiation factor 88 (MyD88),
and lipopolysaccharide-binding protein/bactericidal permeability-
increasing protein (LBP/BPI) [for detailed methodological
description of RNA isolation, complementary DNA (cDNA)
synthesis, and the conditions of qPCR measurements, please see
the Supplementary Material] upon bacterial challenge with or
without endocytosis inhibitor pretreatments (the characteristics of
applied primer sequences are detailed in Supplementary Table 1).

No significant elevations of TLR and MyD88 levels by
bacterial stimulation were revealed in THP-1 cells, although
A B

D E

C

FIGURE 2 | Biased bacterial engulfment in diff. THP-1 cells upon endocytosis inhibition. (A) Kinetics of FITC-E. coli and FITC-S. aureus uptake by diff. THP-1 cells
after 1, 2, 4, 16, and 24 h of incubation. (B) Representative flow cytometry histograms of diff. THP-1 cells after 24 h of bacteria uptake, without or with inhibitors (5
µM cytochalasin B/cytochalasin D). (C) Efficiency of various endocytosis blockers on the bacterial engulfment in diff. THP-1 cells. The results are presented as
mean ± SD of four replicates. Asterisks mark statistical significance (**p < 0.01, ***p < 0.001) between the Ø inhibitor control and various treatments. (D) Merged
CLSM images of diff. THP-1 cells in the absence of endocytosis inhibitors or (E) in the presence of 5 µM cytochalasin D that demonstrate the changes in the actin
cytoskeleton (red, CF568 Phalloidin) and inhibition of bacterial (green, FITC-E. coli and FITC-S. aureus) uptake. Nuclear counterstaining was performed with DAPI
(blue). Note the overlapping signal between engulfed bacteria and actin filaments (arrows, D). Scale bars: 50 µm.
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cytochalasin D increased their expression regardless of bacterial
exposure (Figures 5A, B). BPI mRNA expression pattern was
not affected by either condition (Figure 5C). Incubation with E.
coli has downregulated TLR mRNA expression compared to the
corresponding control samples in diff. THP-1 cells (Figure 5D).
Cytochalasin B treatment evoked a slight decrease in TLRmRNA
level (Figure 5D). In the case ofMyD88, there were no significant
changes (Figure 5E), while BPI mRNA level was elevated
following S. aureus exposure and decreased upon actin
disruption by cytochalasin D (Figure 5F).

In the case of coelomocytes, TLR mRNA expression was
profoundly elevated only in the response towards S. aureus;
however, neither of cytochalasins have changed this parameter
(Figure 5G). No alteration in MyD88 mRNA level was observed
during any exposure conditions (Figure 5H). Nevertheless, LBP/
BPI expression is significantly peaked in response to Gram-
negative E. coli challenge and attenuated by cytochalasin D
inhibition in every condition (Figure 5I).
4 DISCUSSION

In vertebrates, myeloid and lymphoid cells are responsible for
maintaining the immune response, while in invertebrates,
Frontiers in Immunology | www.frontiersin.org 6
immune functions are carried out by mesoderm-derived,
specialized immune cells (e.g., coelomocytes, hemocytes).
Earthworms, living in a microbe-rich environment, are
constantly exposed to bacteria; their immune homeostasis is
governed by several cellular and humoral components (23–25).
Recent publications are more focused on the variations of
immune-related genes upon microbial challenge in earthworms
(26, 27). However, the different cellular engulfment routes to
eliminate microbes by coelomocytes are rather unknown in
earthworms, similarly to other invertebrate models.

In this study, we aimed to comparatively analyze the various
endocytic pathways of bacterial internalization mediated by
earthworm and human immune (THP-1) cells. THP-1 cell line
proved to be a reliable model in our previous comparative in
vitro study to observe nanoparticle toxicity against earthworm
and human cells (28), and we favored this cell line over other
monocyte/macrophage cell lines (J774, RAW264, etc.) to keep
our comparative approach standard. Another benefit is that
THP-1 monocytes can be differentiated into macrophage-like
cells, which proved to resemble human macrophages at
functional and phenotype levels (29). Hence, usage of the
THP-1 cells line allowed us to investigate and compare
bacterial uptake pathways in two human myeloid cell types.
Another advantage of cell lines is their uniformity and simplicity
A B

D E

C

FIGURE 3 | Reduced bacterial uptake in the coelomocytes following endocytosis inhibition. (A) Uptake kinetics of FITC-E. coli and FITC-S. aureus bacteria by
coelomocytes after 1, 2, 4, 16, 24, and 48 h of incubation. (B) Representative flow cytometry histograms after 24 h of bacteria engulfment without or with inhibitors
(5 µM cytochalasin B/cytochalasin D). (C) Efficiency of numerous endocytosis inhibitors on the bacterial uptake in coelomocytes. The results are exhibited as mean ±
SD of four replicates. Asterisks indicate statistical significance (*p < 0.05, ***p < 0.001) between the Ø inhibitor control and different treatments. (D) Merged CLSM
images of coelomocytes in the absence or (E) presence of 5 µM cytochalasin D that display the changes in the actin cytoskeleton (red: CF568 Phalloidin) and
inhibition of bacterial (green, FITC-E. coli and FITC- S. aureus) uptake. Nuclear counterstaining was performed with DAPI (blue). Note the overlapping signal between
engulfed bacteria and actin filaments (arrows, D). Scale bars: 20 µm.
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in maintaining under standard laboratory conditions compared
to primary cells. It is a valid concern that primary macrophages
behave differently compared to a monocyte/macrophage cell line;
however, a recent publication (30) has compared the bacterial
uptake and inflammatory consequences (chemokine/cytokine
mRNA expression and cytokine secretion) between human
monocyte-derived macrophages and THP-1 cells and found no
significant differences. In addition, another comparison (31) has
revealed that THP-1 cell line can be applied as simple substitute
for human macrophages in basic functional assays but should be
avoided in fine-screening assays of certain drug candidates.

Earlier, we have applied (8, 26) heat-inactivated E. coli and
S. aureus bacteria strains for in vitro phagocytosis/stimulation
assays. We aimed to keep the reproducibility and comparability
with these previous experiments applying the same bacterial
strains. Indeed, earthworms tolerate well the microbe-rich
environment. Now, there is an increasing body of information
about earthworm bacterial community. Recent article by Pass
et al. (32) has identified that Proteobacteria, Actinobacteria,
Bacteroidetes, and Acidobacteria are dominant in the whole
body of Lumbricus rubellus earthworms. These data was
supported by the findings (33) from the gut of Eisenia andrei,
with only the difference of the occurrence of Firmicutes phyla.
Furthermore, L. rubellus microbiome is dominated by the genus
Serratia, while in E. andrei, it is dominated by Acinetobacter
genus. According to Dales and Kalaç (23), Aeromonas hydrophila
and Serratia marcescens Gram-negative bacteria are potential
natural pathogen bacteria in E. fetida earthworms; however, it is
Frontiers in Immunology | www.frontiersin.org 7
widely accepted that human pathogen bacteria are introduced
into earthworms (or other invertebrates) (34, 35).

Initially, the kinetic analysis revealed that bacterial engulfment
inTHP-1, diff.THP-1 cells, andcoelomocytesbeganat thefirst hour
of incubation but to a different extent. According to the literature
(29, 36), diff.THP-1cells takeup thebacteria to a greater extent than
the undifferentiated THP-1monocytes. Yet, in our results, the rates
of uptake by THP-1 cells and diff. THP-1 cells were rather similar
during kinetical analysis.

Compared to the human counterpart, we observed a slower rate
of uptake by coelomocytes. This correlates with previous results
(37), which also showed a maximum increase in antibacterial
(lysozyme-like) activity in coelomic fluid upon 2 days of in vivo
bacterial challenge. An earthworm-specific PRR, the coelomic
cytolytic factor (CCF) that can recognize lipopolysaccharide
(LPS), peptidoglycan, and b-1,3-glucan, is also evidenced to show
an increased tendency after 24 h of bacterial challenge (6). Hence,
this is a reliable representation of the humoral innate response of
earthworms that is in linewithour data focusingonbacterial uptake
by coelomocytes.

We have monitored the passive transfer of bacteria into the
cells, by incubation at 4°C, since at this temperature, the active
transport, including phagocytosis, is blocked. The uptake was
significantly reduced in the tested cell types (Figures 1–3), except
during S. aureus uptake by coelomocytes (Figure 3). These
results indicate that the internalization of E. coli and S. aureus
is an energy-dependent process. Generally, earthworms flourish
at 15–20°C, and their cells can tolerate better the lower
A B C

FIGURE 4 | The intracellular colocalization of lysosomes and bacteria is biased upon endocytosis inhibition. Representative CLSM images and Manders’ colocalization
coefficients ratios for (A) THP-1 cells, (B) diff. THP-1 cells, and (C) coelomocytes after 24 h incubation with bacteria in the absence or the presence of 5 µM cytochalasin
D. Representative images demonstrate the colocalization of FITC-coupled bacteria (green) with the LysoTracker labeled (red) lysosomes (arrows). Nuclear counterstaining
was performed with DAPI (blue). Scale bars: 10 µm; 50 µm (THP-1 with S. aureus). The corresponding graphs show the fraction of colocalized E. coli/lysosomes and
S. aureus/lysosomes. Results are presented as mean ± SD from three independent experiments. Asterisks point out statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001) between the Ø inhibitor control and cytochalasin D exposed cells.
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temperature compared to mammalian cells. This may explain the
maintained engulfment activity in coelomocytes at 4°C (38).

It is generally established that the particles larger than 500
nm, including most of the bacteria, are taken up by phagocytosis.
In this regard, Veiga and Cossart (39) demonstrated that
bacterial internalization might not be restricted only to
phagocytic uptake, but other endocytosis pathways can be also
encompassed. For example, some bacteria, including E. coli,
manage to avoid degradation in lysosomes by entering the cell
through caveolae-mediated endocytosis (40). Therefore, we
started our experiments by testing different groups of
inhibitors to target certain uptake pathways. By inhibiting the
core components of the different endocytic pathways, it is
possible to evaluate which of them participates in the
endocytosis process. Albeit some of the pharmacological
inhibitors have a weak specificity, they remain widely applied
(14). They were chosen to target the major known cellular uptake
pathways: macropinocytosis, clathrin- and caveolin-mediated
endocytosis, and phagocytosis (1).

Amiloride and its derivative 5-(N-ethyl-N-isopropyl)
amiloride (EIPA) was reported to inhibit macropinocytosis by
blocking the Na+/H+ exchanger (14) and colchicine by disturbing
microtubules in pinocytosis (41). In addition, since CvME
involves cell membrane cholesterol, this endocytic pathway can
be disrupted by cholesterol depletion (42). This is a mechanism
of action for methyl-ß-cyclodextrin (MßCD), which possesses
Frontiers in Immunology | www.frontiersin.org 8
hydrophobicity resulting in a high affinity to membrane
cholesterol and its depletion (43, 44). Antibiotic nystatin can
induce changes in the shape of the caveolae and make aggregates
of cholesterol leading to its sequestration (45). As for CME,
amantadine was reported to interfere by blocking the budding of
clathrin-coated pits (46). The aforementioned endocytosis
inhibitors were ineffective for bacterial engulfment in the
studied cell types; however, we observed a slight amantadine
action on THP-1-mediated S. aureus internalization, which
might imply that some endocytosis pathways are activated
when the other is blocked.

Due to the core role of actin in phagosome formation, such F-
actin depolymerizing agents, as cytochalasin B and D, can inhibit
phagocytosis (47). Applying cytochalasin D, it turned out to be a
universal inhibitor for the uptake of both bacterial strains in the
studied cell types, suggesting that both E. coli and S. aureus are
internalized via phagocytosis (Figures 1–3). Another inhibitor of
phagocytosis, cytochalasin B also showed effectiveness in
blocking the uptake of both bacterial types in coelomocytes
(Figure 3). Unlike for earthworm immunocytes, in THP-1 and
diff. THP-1 cells, cytochalasin B inhibited only the engulfment of
S. aureus (Figures 1, 2). These results correlate with previous
data of E. coli engulfment inhibition by cytochalasin D in human
monocyte-derived macrophages (48). Cytochalasin D also
reduced the Streptococcus pneumoniae uptake by THP-1 cells
(49). These results underline the crucial interactions of
A B

D E F

G IH

C

FIGURE 5 | Fluctuations of immune-related gene expressions in target cells exposed to bacteria and phagocytosis inhibitors. Normalized expression of TLR, MyD88,
and BPI in (A–C) THP-1, (D–F) diff. THP-1 and normalized expression of TLR, MyD88, and LBP/BPI (G–I) in coelomocytes after bacterial challenge in the absence or
presence of the uptake inhibitors. The results are presented as mean ± SD of three replicates. Asterisks display statistical significance (*p < 0.05, **p < 0.01, ***p <
0.001). The significance of data was evaluated by one-way ANOVA with Tukey’s multiple comparison test. A.U., arbitrary units.
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cytoskeleton rearrangement and phagocytosis in bacterial uptake
by in fact different but evolutionarily and functionally similar
earthworm and human immunocytes.

To this end, it is worth to point out the role of the actin filaments
in various types of endocytosis. Our CLSM studies evidenced that
fluorochrome-conjugated phalloidin binds to actin filaments of the
cytoskeleton, resulting in the high imaging contrast of the filaments
bundles,whichwas especially valuable indepicting the cytoskeleton
changes after application of cytochalasins. As expected,
cytochalasin D caused actin depolymerization, which disturbed
actin-dependent phagocytic uptake of bacteria, keeping themout of
the cells or on the surface of the cells (Figures 1E, 3E). It is well
known for mammalian cells that membrane extensions created by
actin polymerization are necessary for phagocytosis and
macropinocytosis, while the other uptake processes are
considered not to involve actin cytoskeleton rearrangements (39,
50, 51). Here, our data underscore the role of actin-dependent
phagocytosis of bacteria not only in human but also in invertebrate
immunocytes.Ontheotherhand, in this setof experiments,wehave
only concentrated on the inhibitors of actin polymerization, but
phagocytosis is a complex process mediated by several other target
molecules. For instance, it is known that inhibition of
phosphoinositide 3-kinase (PI 3-kinase), protein kinase C, and
Rho family of GTPases also results in reduced phagocytosis by
vertebrate macrophages (52). In this regard, such inhibitors (e.g.,
wortmannin, LY290042, genistein, bisindolymaleimide, ML141)
should be tested during future engulfment studies in earthworm
coelomocytes, since limited data are available about those from
invertebrate models (53, 54).

Applying LysoTracker dye to selectively stain the acidic
organelles and the quantitative colocalization approach enables
us to more precisely monitor bacterial fate in the cells. Microbial
infections can increase the lysosome numbers in earthworm
coelomocytes and elevate the activity of phagolysosomal
markers (acid and alkaline phosphatase) in amoebocytes (8,
10). These data correlate with our recent CLSM images, where
we observed colocalization of engulfed bacteria with lysosomes,
suggesting acidification of these organelles and production of
phagosomal enzymes. Manders’ coefficient values corresponding
to bacteria/lysosome colocalization greatly decreased for
cytochalasin D treated cells of all types, suggesting that
lysosomes assist E. coli and S. aureus phagocytosis in both
invertebrate and vertebrate immunocytes (Figure 4).

Innate immunity operates with a set of highly conserved pattern
recognition receptors (PRRs). For instance, TLRs were first
discovered in Drosophila melanogaster as a molecule important in
the response to fungal and Gram-positive bacterial infections (55).
TLR signaling in mammals shares similarities with Drosophila’s
TLR-induced mechanisms. It is worth highlighting the role of the
most conserved region, Toll/IL-1R (TIR) domain, a cytoplasmic
part of TLR, which mediates the recruitment of adaptor proteins
and starts the intracellular signaling cascade then leads to
inflammatory cytokine production (56).

We have very limited information about the function of PRRs
in earthworms (22), and we have relatively restricted research
tools to test their involvement during earthworm immune
Frontiers in Immunology | www.frontiersin.org 9
response (7). Downstream inflammatory events occur
following pathogen ligand and PRR engagements (27);
however, cytokine homologs have not been yet identified in
earthworms. Potential inflammatory candidates would be lysenin
(8) and the pattern recognition receptor CCF (57); however,
those molecules have no known human (vertebrate) homologs.
To keep the comparative approach, we decided to choose only
those immune-related genes (TLR, MyD88, and LBP/BPI) that
we can test in both models.

TLR was recently identified in E. andrei earthworms (EaTLR),
and it is modulated upon bacteria stimulation (58). Hence, since it
resembles structural and functional similarity to its human
counterpart, we aimed to identify TLR expression upon the
application of cytochalasin B and D and incubation with bacteria.

Bacterial stimulation did not elevate the TLR mRNA expression
levels in THP-1, and in the case of diff. THP-1, TLR was even
downregulated following the incubation with E. coli. Since
cytochalasin B was reported to show anti-inflammatory responses,
its impact is noticeable in decreased immune-related genes’
expression (11), which coincides with TLR mRNA downregulation
in diff. THP-1 cells of our experiments (Figure 5D). In contrast, while
cytochalasin D treatment could stop bacteria from entering, it did not
prevent the TLR signaling. Since cytochalasin D is also able to
upregulate nuclear factor kappa B (NF-kB) levels (59), this might
correlate with TLR expression. Nevertheless, it just confirms that the
relationships between TLR levels, actin cytoskeleton, and intracellular
signaling are still poorly understood.

TLR expression in S. aureus-exposed coelomocytes showed a
significant increase (Figure 5G), which supports earlier results (58)
where a fourfold change in EaTLR expression was reported after
Bacillus subtilis stimulation. In contrast, incubation with E. coli did
not significantly amplify the EaTLR expression that is in line with
our observations. Since cytochalasins could not markedly reduce
EaTLR levels, we affirm that actin depolymerization hinders
bacterial engulfment in coelomocytes but does not change the
capacity of TLR for the engagements with bacterial ligands.

After ligand binding of TLR, MyD88 adaptor triggers
downstream signaling cascades, leading to NF-kB and mitogen-
activated protein kinase (MAPK) activation and inflammatory
cytokine production (60). However, a MyD88-independent
pathway was reported by Kawai et al. (61), where they
demonstrated that despite impaired cytokine production, MyD88-
deficient macrophages had normal NF-kB signaling in response to
LPS. In our experiments, bacterial stimulation did not provoke the
elevation of MyD88 expression compared to Ø inhibitor controls
(Figure 5), which might suggest the involvement of MyD88-
independent mechanism in these phagocytic processes.

Furthermore, there is a connection between activation of one
or another pathway and the state of the actin cytoskeleton in
human macrophages. TLR induces phagocytic gene expression
through the MyD88 pathway without the involvement of actin.
In turn, a second mechanism is MyD88-independent but
requires actin for activation of this pathway (62). This provides
the evidence of MyD88-independent pathway involvement in the
process of bacterial uptake. Upon the impairment of actin
polymerization by cytochalasins, an alternative activation of
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actin-independent MyD88 is probable. Besides, we cannot rule
out thatMyD88 expression variations occurred at the earlier time
points. In this case, our results might be connected to negative
feedback regulatory processes to control excessive TLR-mediated
mechanisms in the later stages of the infections (63–65).

Even though the MyD88-dependent/independent TLR
pathway is well conserved across the evolution (66), limited data
for E. andrei are available regarding the MyD88 involvement in
earthworm immune response. Whole transcriptome analysis of E.
andrei has identified several immune-related sequences, including
MyD88 as an adaptive molecule for MAPK signaling activated by
TLR (67). As our results suggest, there is no significant difference
between MyD88 expression levels in unstimulated and bacteria
stimulated coelomocytes. Yet, in oppose to THP-1 and diff. THP-1
cells data, cytochalasins show a tendency to downregulateMyD88
mRNA expression in coelomocytes, which is in line with decreased
phagocytosis of bacteria (Figure 5H). This could propose that just
like in D. melanogaster, MyD88 in coelomocytes is located in the
plasma membrane (68) and can be disrupted by cytochalasins.
Therefore, in earthworms, actin cytoskeleton rearrangement may
be a crucial event in the regulation of innate immune responses
that control TLRs and their downstream signaling proteins.

The BPI, which, in human macrophages, is known to possess
antimicrobial functions, is known to be less expressed in human
monocytes (69) that was also observed in our experiments.
Unexpectedly, diff. THP-1 cells stronger reacted to Gram-positive
than to Gram-negative bacteria (Figure 5F). Nevertheless,
cytochalasin D affected BPI mRNA levels, indicating that BPI is
located in the plasmamembrane andmight also directly participate
in the bacterial uptake.

The homolog of this well-conserved PRR was also identified
in E. andrei (70). Later, our research group showed that EaLBP/
BPI mRNA is specifically expressed in the amoebocyte subset
(71). Previous data have revealed upregulation of EaLBP/BPI
gene transcription after stimulation with bacteria, including
E. coli (70), which is in line with our findings. For S. aureus,
there might be another PRR involved in its recognition and
signal transduction, for example, CCF known to be more specific
for Gram-positive bacteria (57).

To conclude, we applied E. coli and S. aureus bacteria to
characterize the microbial uptake routes in invertebrate and
vertebrate immunocytes. Despite some differences in the
intracellular signaling, the conserved actin-dependent
phagocytosis suggests the functional similarities of bacterial
internalization process for earthworm and human immunocytes.
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